The fungal pathogen Aspergillus fumigatus is responsible for increasing numbers of fatal infections in immune-compromised humans. Alveolar macrophages (AM) are important in the innate defense against aspergillosis, but little is known about their molecular responses to fungal conidia in vivo. We examined transcriptional changes and superoxide release by AM from C57BL/6 and gp91 phox؊/؊ mice in response to conidia. Following introduction of conidia into the lung, microarray analysis of AM showed the transcripts most strongly up-regulated in vivo to encode chemokines and additional genes that play a critical role in neutrophil and monocyte recruitment, indicating that activation of phagocytes represents a critical early response of AM to fungal conidia. Of the 73 AM genes showing >2-fold changes, 8 were also increased in gp91 phox؊/؊ mice by conidia and in C57BL/6 mice by polystyrene beads, suggesting a common innate response to particulate matter. Ingenuity analysis of the microarray data from C57BL/6 mice revealed immune cell signaling and gene expression as primary mechanisms of this response. Despite the well-established importance of phagocyte NADPH oxidase in resisting aspergillosis, we found no evidence of this mechanism in AM following introduction of conidia into the mouse lung using transcriptional, luminometry, or NBT staining analysis. In support of these findings, we observed that AM from C57BL/6 and gp91 phox؊/؊ mice inhibit conidial germination equally in vitro. Our results indicate that early transcription in mouse AM exposed to conidia in vivo targets neutrophil recruitment, and that NADPH oxidase-independent mechanisms in AM contribute to inhibition of conidial germination. The Journal of Immunology, 2008, 180: 6854 -6867.
A spergillus fumigatus is the leading airborne fungal pathogen in immune-compromised individuals, where it can cause potentially fatal invasive pulmonary aspergillosis (IPA) 3 (1-4). However, IPA is rare in individuals with a normal inflammatory response, due primarily to innate immunity in which phagocytic leukocytes including alveolar macrophages (AM), polymorphonuclear neutrophils (PMN), and dendritic cells play an essential early role in the defense against aspergillosis (5) . Therefore, infections caused by A. fumigatus, which originate in the airway of immune-compromised humans, arise because of a defect in one or more of the innate mechanisms of resistance that normally protect from IPA.
AM are resident pulmonary phagocytes that respond early to inhaled A. fumigatus conidia. Numerous studies have examined the response of AM to A. fumigatus conidia, both in vivo and in vitro. Despite the key role of AM in aspergillosis immunity, there is little in vivo data that indicate how A. fumigatus conidia affect gene expression in AM, limiting our understanding about the molecular mechanisms by which AM respond to this fungus. In contrast to previous studies on in vitro transcriptional and functional changes of peritoneal macrophages and AM following exposure to conidia (6 -9) , the present study was designed to include transcriptional responses of AM to conidia in mouse lungs, thus providing better insight into the overall mechanism by which AM help resist infections by A. fumigatus in vivo.
The generation of reactive oxygen species represents a wellcharacterized antimicrobial mechanism used by phagocytic leukocytes, and extensive clinical evidence implicates the superoxide-producing phagocyte NADPH oxidase in the resistance to aspergillosis (10) . Human patients with defects in this system suffer from chronic granulomatous disease characterized by recurrent infections, extensive granuloma formation, and frequently, IPA (11) . Although it is generally accepted that NADPH oxidase is necessary for killing A. fumigatus conidia by PMN (12, 13) , there is conflicting information on the role of this mechanism in AM-mediated resistance to IPA (12, 14 -17) . Therefore, in addition to transcriptional studies on AM exposed to A. fumigatus conidia, we have examined functional aspects of AM for evidence of NADPH oxidase involvement following contact with conidia.
DNA microarray analysis is a powerful method for monitoring the effect of microbes on the global transcription of cellular gene products. Relevant to the present study, microarray analysis has previously been used to characterize changes in gene expression associated with oxidative defense in phagocytes responding to stimuli in vitro. For example, increased transcription of some genes encoding oxidant scavengers was observed in human monocytes in response to A. fumigatus conidia (6) , as was increased transcription of the gene encoding the gp91 phox subunit of the NADPH oxidase in mouse macrophages when exposed to LPS (18) . Additionally, the analysis of in vitro changes in transcription of human monocytes has provided valuable clues about innate responses to A. fumigatus (6, 8) . In those studies, the exposure of monocytes to conidia was found to induce genes involved in a diverse array of cellular functions including leukocyte adhesion, cell recruitment, endocytosis, phagocytosis, and oxidant stress responses. However, transcriptional differences between AM and monocytes (19, 20) , and the influences on AM by other resident and recruited cells in the lung, underscore the importance of analyzing the response of AM to conidia in vivo. There are some published in vivo microarray data related to the effects of inflammation in AM (21) , but to our knowledge, none relates specifically to the transcriptional responses to A. fumigatus in the lung.
The present study was undertaken to extend our previous observation that alveolar PMN both use and require NADPH oxidase for resistance to aspergillosis, and to more clearly define the early in vivo responses of AM to A. fumigatus conidia, before conidial germination. Following the instillation of conidia into the lungs of C57BL/6 and gp91 phoxϪ/Ϫ mice, DNA microarray analysis was used to evaluate both dose-and time-dependent changes in AM gene transcription. Of key importance in the early innate AM responses to A. fumigatus conidia was up-regulation of genes for PMN recruitment, previously associated with conidial display of ␤-glucan (22, 23) , augmenting the inflammatory response that protects normal animals from IPA. In our analyses, we observed a group of genes commonly up-regulated by administration of conidia to C57BL/6 and gp91 phoxϪ/Ϫ mice, and by the administration of polystyrene beads to C57BL/6 mice, suggesting an innate immune response to particulate agents. The current study examining in vivo responses of AM identifies a focused and decisive immune response to A. fumigatus conidia involving increased expression of the genes for TNF-␣ and PMN-recruiting chemokines to provide a protective inflammatory response.
Because the role of reactive oxygen species produced by AM in response to conidia remains a matter of debate, this study also examined AM for superoxide production following exposure to A. fumigatus conidia for evidence of involvement of NADPH oxidase in fungal killing. Our in vitro analysis of extracellular superoxide production by luminometry indicated exposure of conidia to AM resulted in a reduction in measurable NADPH oxidase-dependent superoxide generation, and that AM from C57BL/6 mice and those from gp91
phoxϪ/Ϫ mice lacking the NADPH oxidase were equally capable of suppressing conidial germination. Furthermore, we observed that in vivo contact of conidia with AM did not lead to evidence of intracellular superoxide production in AM when examined by NBT staining as it did in PMN. Taken together, our results indicate the responses of AM to A. fumigatus conidia include the production of soluble factors that lead to recruitment and activation of additional cell types of the innate immune system, but not activation of superoxide production by the NADPH oxidase complex within AM themselves. The ability of AM to generate proteins that recruit PMN and prime their oxidative burst supports the hypothesis that superoxide production represents a crucial microbicidal mechanism used by PMN to prevent infections by A. fumigatus.
Materials and Methods

Preparation of A. fumigatus conidia
A clinical isolate (no. 13073; American Type Culture Collection) of A. fumigatus was grown on Sabouraud dextrose agar slants in 75-cm 2 culture flasks at 37°C for 5 days and conidia were collected in 0.1% Tween 20 in HBSS (no. 10-547F; Cambrex Bio Science) by gentle rocking as described (13) . Conidia were then diluted in HBSS without Tween 20 to obtain either 10 6 or 10 7 conidia in 40 l for intrapharyngeal administration. All in vivo inoculations were performed using conidia harvested immediately before use.
Animal handling and sample collection
All protocols involving mice were approved by the Institutional Review Board of the Institutional Animal Care and Use Committee at Montana State University. C57BL/6 male mice were obtained at 9 -11 wk of age from Charles River Laboratories, kept in the Animal Resource Center at Montana State University in microisolator cages, and given food and water ad libitum. Breeder mice with a null allele corresponding to the X-linked gp91 phox component of the NADPH oxidase (B6.129S6-Cybb tm1Din ) were previously produced by backcrossing carrier females with C57BL/6 males for 13 generations. Breeding pairs of these mice were then obtained from The Jackson Laboratory and reared in specific pathogen-free housing in the Animal Resource Center. Only male gp91
phoxϪ/Ϫ mice were used for microarray, quantitative RT-PCR (qRT-PCR), and ELISA studies. They were housed in microisolator cages in an environment of filtered air, given autoclaved food ad libitum, and prophylactically treated with sulfamethoxazole-trimethoprim in their sterile, acidified drinking water. Three days before use, their drinking water was changed to sterile acidified water without antibiotics. Egr1 Ϫ/Ϫ mice generated on a C57BL/6 background were obtained from Taconic Farms. Homozygous female Egr1 Ϫ/Ϫ mice 9 -11 wk of age were used (no. 002013-M-F, B6.129-Egr1 tm1Jmi N12) and female Egr ϩ/ϩ C57BL/6 mice were used for comparison in phagocyte responses to conidia. For all inoculation studies, mice were briefly anesthetized with isoflurane and inhaled 40 l intrapharyngeally administered vehicle only (sterile HBSS) for mock inoculations, or vehicle containing either 10 6 or 10 7 freshly harvested conidia. In some experiments, 3-m polystyrene microspheres (no. 17134; Polysciences) were used instead of conidia to test for transcriptional changes to an alternative particle. At indicated time points following in vivo incubation, mice were euthanized with isoflurane and bronchoalveolar lavage fluid (BALF) was collected through an 18-gauge angiocatheter needle (BD Biosciences) inserted into an incision in the exposed trachea as described (13) . Lungs were perfused with six 1-ml volumes of HBSS containing 3 mM EDTA, which were pooled to produce a 6-ml BALF sample from each mouse. Two hundred fifty microliters of BALF were used immediately for cytospin and Wright staining (to obtain leukocyte differentials and to verify pulmonary conidial delivery), and for cell counting by a hemocytometer. In certain experiments, the levels of specific proteins were examined by ELISA on the supernatants of BALF obtained from the first 2 ml of fluid following collection and storage at Ϫ80°C before analysis.
Isolation of mRNA from AM
Following the removal of samples of the BALF for cell count and differential, a pellet containing AM Ϯ conidia was obtained by centrifugation at 150 ϫ g for 10 min at 4°C. The cell pellet was then resuspended in 450 l of RNA lysis tissue buffer from the RNeasy mini kit (no. 74904; Qiagen) containing 1% 2-ME. The phagocytes were lysed by cycling the suspension through a pipette tip 10 times and vortexing for 20 s, then the sample was centrifuged at 20,800 ϫ g for 10 min at 4°C to pellet conidia (if present). The supernatant samples without conidia were then processed according to the RNeasy mini kit protocol. We have verified this procedure does not extract fungal RNA as determined by RT-PCR with A. fumigatus-specific catalase A primers (forward primer: 5Ј-AAGACCTCCTCCAAGGGCAT-CATT; reverse primer: 5Ј-ACGGACTTTGTGGGCAAGTTCTTC). Genomic DNA was removed from a final 45-l RNA eluate using a TURBO DNA-free kit (no. 1907; Ambion) according to the manufacturer's instructions. The resulting RNA was precipitated in 2.5 M lithium chloride according to the manufacturer's protocol (no. 9480; Ambion) and stored overnight at Ϫ20°C. Following this treatment, the RNA was pelleted by centrifugation and washed three times with 70% ethanol. Following air drying, the resulting RNA pellet was dissolved in 8 -14 l of nuclease-free water at 37°C, quantified using a Nano-Drop 1000 spectrophotometer and its quality was checked using an Agilent 2100 bioanalyzer.
Analysis of transcriptional changes by microarray
For microarray analysis, isolated RNA was amplified and biotin-labeled using an Affymetrix two-cycle labeling and control reagent kit (no. 900494). The mouse genome array 430A 2.0 (no. 90499; Affymetrix) was used to analyze AM gene transcription following hybridization (Affymetrix Gene chip hybridization oven 640) and processing through a Gene Chip Fluids Station 450. For these studies, each conidial and mock inoculation condition was replicated in quadruplicate for C57BL/6 mice, triplicate for gp91 phoxϪ/Ϫ mice, and duplicate for C57BL/6 with polystyrene beads, generating 51 GeneChip experiments. Affymetrix GCOS software was used to convert raw scans to CEL and CHP data files; all of which were imported into GeneSpring GX7.3 (Agilent Technologies) for analysis. According to a recent examination of Affymetrix probe accuracy (24) , sequence verified, mismatch permissive chip definition files were imported into GeneSpring (from http://gbic.biol.rug.nl//supplementary/2006/probeverification/), and present, marginal, and absent gene call information was extracted from the CHP files. Following robust multichip averaging normalization with median polishing (25) , CEL data was filtered for present gene calls and baseline raw signal intensity of 100 in at least one replicate set equivalent (3 of 51 chips), an operation that trimmed the data being analyzed roughly in half (to 11,591 genes). The remaining genes were filtered by fold change (2 in any comparison) and were then subjected to ANOVA with a Welch t test and Benjamini and Hochberg false discovery rate of 0.01. A hierarchical tree was generated using a Pearson's correlation and an average linkage clustering algorithm. Subsequent functional enrichment analysis was conducted using DAVID software (www.DAVID.niaid.nih.gov) (26) . Microarray data were deposited with Gene Expression Omnibus at the National Center for Biotechnology Information, and can be accessed through accession number GSE8997.
Analysis of mRNA by qRT-PCR
To confirm results obtained in microarray studies, qRT-PCR was used to quantify transcription of a representative subset of AM genes significantly altered following exposure to conidia and suspected to be involved in the resulting immune response. Thus, transcription of Ereg, Egr1, and Tnf was examined relative to Gapdh (a constitutively expressed reference gene (27) (28) (29) (30) at 2, 4, and 5 h after inoculation with 10 7 conidia or mock inoculation in male C57BL/6 and gp91 phoxϪ/Ϫ mice. The Tnf transcript and protein levels were of particular interest in the present study because of the regulatory role of TNF-␣ with respect to NADPH oxidase (31, 32) . Due to possible effect on NADPH oxidase activity, transcription of Hmox1 was also examined by qRT-PCR, but only at 4 h in C57BL/6 mice and at 5 h in gp91
phoxϪ/Ϫ mice. The gene-specific primer sets used in these analyses are shown in Table I . A Quanti-Tect SYBR Green RT-PCR kit (Qiagen) was used in combination with a Corbett Rotor Gene 3000 (no. 204243; Qiagen) to analyze transcription using 6 ng of purified total RNA per sample. For these studies, the PCR amplification efficiencies were 1.01 Ϯ 0.04 for Gapdh, 1.07 Ϯ 0.07 for Ereg, 1.02 Ϯ 0.01 for Ereg1, 1.01 Ϯ 0.03 for Tnf, and 1.01 Ϯ 0.01 for Hmox1. In each experiment, controls using no template and no reverse transcriptase were included. In addition, melt curve analysis and gel electrophoresis were used to check product specificity. Analysis of qRT-PCR data was conducted by relative quantification using REST software, which normalizes data and takes amplification efficiencies into account (27, 28, 33) .
Molecular pathway analysis
From C57BL/6 mice inoculated with 10 7 conidia and AM collected at 4 h, networks of AM genes were constructed using Ingenuity analysis (www. ingenuity.com) as described (34) . Briefly, microarray data (from Table II) containing gene identifiers and corresponding expression values were uploaded to the Ingenuity program to probe the knowledge-based databases for information to suggest molecular participants involved in the response of AM to conidia. Only genes showing fold change values Ն2 were evaluated, and only Ingenuity pathways with network scores of Ն15 were considered further. We did not examine gp91 phoxϪ/Ϫ data by Ingenuity analysis, because higher constitutive expression of inflammatory genes in gp91
phoxϪ/Ϫ mice resulted in lower corresponding fold change values which were needed to generate the networks.
ELISA
Analysis of TNF-␣, IL-1␤, and CXCL2 was conducted on cell-free BALF using the first 2 ml collected, according to the manufacturer's protocol (TNF-␣ 88-7324-22 and IL-1␤ 88-7013-22, eBioscience; CXCL2 MM200, R&D Systems).
Detection of pulmonary phagocyte superoxide production by luminometry
Extracellular superoxide production by AM and LPS-elicited alveolar PMN was examined in white 96-well plates (no. EK-25075; E&K Scientific), using 2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimidazol[1,2-a]pyrazin-3-one (MCLA; no. M-23800, Molecular Probes-Invitrogen), a luminometry reagent that has optimal sensitivity for detecting low-level superoxide generation by phagocytes (35) . For luminometry studies on AM, naive 10-to 12-wk-old C57BL/6 and gp91 phoxϪ/Ϫ mice were sacrificed and 8 ml of BALF was collected as described above. AM in the BALF were counted, centrifuged at 300 ϫ g for 10 min at 4°C, and then resuspended at 10 6 cells/ml in DMEM-10 (no. D5648; Sigma-Aldrich) containing 10% FCS and 4 mM L-glutamine. For superoxide production assays, 10 5 freshly harvested AM in 100 l of DMEM-10 were adhered to wells of a 96-well microtiter plate in the absence or presence of conidia (5:1 ratio of conidia:AM). Following 90-to 180-min incubation (data is shown for 90-min incubation, but not different from 180-min incubation) in a 37°C incubator with 5% CO 2 , the DMEM-10 was removed with rare nonadherent PMN and replaced with 100 l of 5 M MCLA in 140 mM NaCl/well. In certain wells, phagocytes were also examined for oxidant production for 30 min after exposure to 910 nM PMA (no. P-8139; Sigma-Aldrich).
For examination of oxidant production in PMN, mice were first exposed to aerosolized LPS 12 h before BALF collection as described (13) , producing BALF that contained Ͼ85% PMN (RBC were removed by hypotonic lysis). Following cell counting and Wright staining, PMN were resuspended at 10 7 cells/ml in HBSS, and then 10 l containing 10 5 PMN was suspended in MCLA reagent described above, in the presence of 910 nM PMA. Data for superoxide liberation by both AM and PMN were collected using a Turner Biosystems GloRunner luminometer (1-s data points collected each minute over a 30-to 120-min interval) with wells blanked against representative wells containing 310 U/ml superoxide dismutase (SOD; no. S-2515, Sigma-Aldrich). The average SOD-inhibitable superoxide generation rate was then reported ϮSEM for five mice (n ϭ 5). The data were found to be reproducible with additional analyses performed on 3 separate days.
Detection AM superoxide production by formazan deposition
Intracellular production of superoxide in AM and PMN was evaluated by exposure of cells to NBT (no. N-6876; Sigma-Aldrich), and microscopic examination for evidence of formazan deposition as previously described (13, 17) . Briefly, C57BL/6 or gp91 phoxϪ/Ϫ mice were inoculated with 10 7 conidia as described above, then BALF was collected 4 or 12 h later and exposed to 500 M NBT for 30 min at 37°C. In certain experiments, conidia were first preswollen in RPMI 1640 for 8 h at 37°C in 5% CO 2 then pelleted and resuspended in HBSS before inoculation of mice. For microscopy, cytospins were then prepared and counterstained with safranin as described (13) . In some cases, BALF phagocytes in contact with conidia were exposed to 910 nM PMA concurrently with NBT.
In vitro inhibition of A. fumigatus conidial germination by AM
To compare the ability of AM from C57BL/6 and gp91 phoxϪ/Ϫ mice to inhibit conidial germination, BALF was collected from naive mice as described above. AM were then pelleted at 150 ϫ g for 5 min at 4°C, resuspended at 10 6 AM/ml in DMEM-10, and then introduced to wells in a 96-well tissue-culture plate at 10 5 cells/well. In this system, AM from uninoculated mice remained Ͼ98% viable for 7 days (based on trypan blue exclusion). Immediately after plating AM, conidia were then introduced 
and incubated for 8 h (3:1 ratio, conidia:AM), during which time phagocytosis of most conidia occurred. Cytospin mounts were then generated and Wright stained to determine the percentage of germinated intracellular and extracellular conidia by microscopy.
Results
Characterization of phagocytic cells in the mouse lung in response to A. fumigatus
To better understand the in vivo engagement of A. fumigatus conidia by AM in a normal and susceptible mouse model, the BALF was examined at specific time points following instillation of conidia in C57BL/6 and gp91 phoxϪ/Ϫ mice, respectively. At 2 and 4 h after intrapharyngeal administration of conidia, PMN were largely absent in the BALF of both the C57BL/6 and gp91 phoxϪ/Ϫ strains, and in the rare cases when they were present, did not exceed 4% of the total leukocyte number. At 5 h following administration of 10 7 conidia, PMN recruitment was still generally not evident in C57BL/6 mice, but was more frequently seen in gp91 phoxϪ/Ϫ mice. At 6 h, 39.7 Ϯ 7.8% (n ϭ 3) of the cells in the BALF of C57BL/6 mice were PMN, so the transcription studies described below were not extended to samples collected beyond the 5 h time point. Of the total AM recovered in the BALF at 4 h after inoculation of C57BL/6 mice using 10 6 and 10 7 conidia, 9.1 Ϯ 1.1 (n ϭ 8) and 21.1 Ϯ 2.2% (n ϭ 7) of AM were associated with conidia, respectively (Fig. 1A) . In similar studies, the corresponding values at 4 h for gp91
phoxϪ/Ϫ mice were 7.5 Ϯ 2.6 and 21.3 Ϯ 1.5% (n ϭ 4), while the introduction of 10 7 polystyrene beads (as a model particulate) resulted in 16.7 Ϯ 5% (n ϭ 3) of AM associated with the beads. For each strain of mice, the percentage of phagocytosing AM did not increase significantly ( p Ͼ 0.3) between 2 and 5 h at either dose of conidia (10 6 and 10 7 ), suggesting few if any additional AM became involved in phagocytosis during that time. Further characterization of AM phagocytosis in the lung demonstrated that the average number of particles within AM at the 4 h time point (after receiving 10 7 conidia) reached 5.3 Ϯ 0.17 (n ϭ 9) in C57BL/6 mice and 6.5 Ϯ 0.30 (n ϭ 4) in gp91 phoxϪ/Ϫ mice, while 4.7 Ϯ 0.88 (n ϭ 3) were observed in AM collected from C57BL/6 mice after inoculation with 10 7 polystyrene beads (Fig. 1B) . By comparison, an in vitro study using A. fumigatus conidia and human monocytes, observed: 1) that approximately three times as many cells had engulfed conidia at 4 h; 2) that the number of cells involved in phagocytosis was still increasing between 4 and 6 h; and 3) an average of only two conidia per phagocytosing AM at the 6-h time point (6). Such differences between those studies and our current data demonstrate the dependence of cell type and cellular environment on outcomes when analyzing the response of phagocytic cells to A. fumigatus conidia.
Transcriptional analysis of AM in the presence and absence of A. fumigatus conidia
To identify potential effector mechanisms used by AM to prevent infection by A. fumigatus, AM were isolated from the lungs of both C57BL/6 and gp91 phoxϪ/Ϫ mice (with or without conidia) for microarray analysis. In microarray studies comparing these two mouse strains, the constitutive transcription in the absence of conidia (time 0) was significantly different for many genes ( p Ͻ 0.05), demonstrating that elimination of functional NADPH oxidase has a marked effect on the basal AM transcriptome (data not shown). This basic microarray characterization highlights the need to account for basal transcriptional changes in studies using geneknockout mice, and is consistent with a broad role for superoxide in signaling and regulation of gene transcription in AM (36, 37) . When the microarray studies described above were conducted with AM following exposure to particulates, significant transcriptional changes were observed for cells isolated from both mouse strains. ANOVA analysis of data for C57BL/6 and gp91 phoxϪ/Ϫ mice after administration of A. fumigatus conidia or polystyrene beads indicated 73 gene probes showed transcriptional changes at least 2-fold ( p Ͻ 0.01) when comparing inoculated animals to their mock controls, in one or more of the experimental conditions (data not shown). When these data were examined for conidiaresponsive genes, mouse strains tended to cluster together in groups segregating by conidial dosage and timing (Fig. 2) . Specifically, AM from gp91 phoxϪ/Ϫ mice showed overall higher constitutive gene expression and responded minimally to the 10 6 dose of conidia at both 2 and 4 h, clustering with gp91 phoxϪ/Ϫ time 0 and mock arrays. C57BL/6 mice also responded modestly to the 10 6 dose of conidia at 2 h; however, at 4 h, those from 10 6 dose arrays clustered between those from 2 and 4 h following the 10 7 dose. Interestingly, AM from C57BL/6 mice 4 h after administered 10 7 polystyrene beads clustered most closely with 10 7 conidia at 2 h. As administration of polystyrene beads to C57BL/6 mice elicited less change than did conidia, it is possible that the type of particle is important in the degree of up-regulation. A group of eight genes was up-regulated at least 2-fold in C57BL/6 mice exposed to 10 7 polystyrene beads, and in both strains of mice exposed to 10 7 conidia (Table III) . The strongest transcriptional changes in response to both conidia and polystyrene beads were observed for genes encoding proteins important in PMN recruitment.
Up-regulation of AM genes involved in PMN recruitment was dependent on both conidial dose and duration of exposure in vivo
After administration of 10 6 conidia to C57BL/6 mice, there were Ն2-fold ( p Ͻ 0.01) increases in transcription of Cxcl2 (MIP-2) at 2 h, and in Cxcl1 (KC), Cxcl2, and Il1b at 4 h (Table II) . By contrast in gp91 phoxϪ/Ϫ mice receiving 10 6 conidia, no significant increases in the genes encoding PMN recruiting molecules were observed at 2 and 4 h. After administration of 10 7 conidia, Cxcl1 and Cxcl2 were up-regulated in both strains at 2 h, while there was up-regulation of Il1b in C57BL/6 mice and Tnf in gp91 phoxϪ/Ϫ mice. At 4 h after inoculation with 10 7 conidia, PMN were being recruited by Cxcl1, Cxcl2, Il1a, Il1b, and TNF-␣ in both mouse strains (although Il1b in gp91 phoxϪ/Ϫ mice minimally missed the cutoff at a fold change of 1.9). The largest fold changes in the transcripts outlined above were observed at 4 h after 10 7 conidia in C57BL/6 mice, when there were ϳ48-and 40-fold increases for Cxcl1 and Cxcl2, respectively. In addition to these five chemokine and cytokine genes involved in PMN recruitment, transcriptional changes in 42 additional genes with roles in the immune system were detected in our microarray analyses (Table II) .
Up-regulation of AM genes encoding oxidoreductases following exposure to conidia
Due to the importance of a functional NADPH oxidase in resisting aspergillosis, the list of AM oxidoreductase genes altered by exposure to conidia was evaluated. There was no up-regulation of transcripts encoding cytosolic regulatory subunits of the NADPH oxidase complex (p40 phox , p47 phox , p67 phox , or Rac1/2) for any condition, and similarly, there was no significant change in transcription of Cyba or Cybb (encoding the membrane-bound p22 phox and gp91
phox subunits of flavocytochrome b-558, respectively). We also observed no up-regulation of genes encoding the oxidant scavengers superoxide dismutase or catalase under any conditions following inoculation of either mouse strain with conidia. Genes HO-1) HmoxI, marginal increases in the transcripts for glutathione reductase (Gsr) and thioredoxin reductase 1 (Txnrd1), and a down-regulation of the transcript for NADH dehydrogenase (ubiquinone) 1 ␤ subcomplex, Ndufb7 (Table IV) .
Ingenuity analysis of microarray data
Ingenuity analysis was conducted on data from C57BL/6 mice to explore relationships between AM genes involved in the response to conidia. This analysis can identify relationships between genes revealed by microarray analysis and overlay their corresponding expression levels (fold change), where the degree of up-regulation is indicated by the intensity of red color. None of the genes found to be down-regulated by microarray analysis appeared in the networks. In the result of the network analysis, molecules or molecular complexes predicted by the program to participate in this response, but not found significantly altered in microarray data, are included as well (symbols without color). Thus, Ingenuity analysis is capable not only of constructing associations of genes identified by microarray (including relative expression levels), but also of predicting involvement of additional molecules not associated with significant transcriptional changes.
Using the Ingenuity search criteria described in Materials and Methods, AM genes significantly altered in C57BL/6 mice 4 h after receiving 10 7 conidia segregated into three separate pathways (Fig. 3 ) that differed in regard to the type of molecular response predicted by the program. Network A is involved primarily in immune response and contained many of the proinflammatory molecules found up-regulated by microarray analysis. Network B included responses involved in cell-to-cell signaling and cell interaction. Molecules predicted to have the most complex neighborhoods (hubs) in networks A and B were TNF-␣ and IL-1␤, both showing relationships with at least 20 other molecules in each of the two networks. In network C, molecules (including NF-B, p38MAPK, and AP-1) contributing primarily to early changes in gene expression are shown to form complex hubs, though none of these three genes were identified by microarray data.
Verification of DNA microarray results by qRT-PCR
To better validate the microarray results reported in this study, transcriptional changes for several genes of particular interest (Egr1, Ereg, Tnf, and Hmox1) were evaluated by qRT-PCR. All qRT-PCR analysis was conducted on AM from mice treated as indicated, but separate from those used for microarray analyses. When the transcript levels of Egr1, Ereg, and Tnf were quantified using qRT-PCR in the absence of conidia as well as 2, 4, and 5 h after instillation of 10 7 conidia, increases measured for all three genes determined by REST software (33) were found to parallel those observed by microarray analysis (Fig. 4) . Furthermore, C57BL/6 mice showed more marked up-regulation than gp91 phoxϪ/Ϫ mice by qRT-PCR, which was consistent with our microarray data. qRT-PCR was also used to show a median fold increase of 5.4 for Hmox1 (SE 3.9 -7.2) in C57BL/6 mice 4 h after inoculation with 10 7 conidia, which was similar to the 3. 
Validation of DNA microarray results by ELISA
To examine the relationship between the observed transcription of AM genes and levels of the protein product, three genes predicted by Ingenuity analysis to play key roles and also known to encode proteins secreted into the BALF (TNF-␣, IL-1␤, and CXCL2) were chosen for analysis. CXCL2 protein concentrations in the BALF of C57BL/6 mice were found to increase 22-fold by 4 h in mice receiving 10 7 conidia compared with those receiving sterile vehicle alone. In identically treated gp91 phoxϪ/Ϫ mice, an increase in CXCL2 protein of ϳ8-fold was found. Increases of CXCL2 were found to be significant in both animal strains receiving conidia relative to mock inoculated animals (n ϭ 5 p Ͻ 0.005), and the increase in C57BL/6 mice was found to be significantly greater than in gp91 phoxϪ/Ϫ mice ( p ϭ 0.012). Following inoculation of mice with 10 7 conidia, no changes in the concentrations of TNF-␣ or IL-1␤ protein in the BALF of C57BL/6 mice could be detected at 4 h, despite the increases in transcript levels observed in this study. When these experiments were extended to 5 h, the concentration of TNF-␣ in the BALF of C57BL/6 mice was determined to be 7-fold higher in mice receiving conidia compared with those mock-inoculated (n ϭ 4, p ϭ 0.012, Fig. 5 ). The TNF-␣ response was therefore slower in C57BL/6 mice following a dose of 10 7 conidia (this study), relative to what we previously observed in BALB/c mice after receiving 3 ϫ 10 7 conidia (13). This apparent delay in TNF-␣ production in C57BL/6 relative to BALB/c mice may be linked to the slower PMN recruitment in C57BL/6 mice following conidial challenge (13) . The conidia-treated gp91 phoxϪ/Ϫ mice showed levels of TNF-␣ in the BALF similar to those measured in inoculated C57BL/6 mice ( p ϭ 0.3, Fig. 5 ). In contrast to results obtained with TNF-␣ and CXCL2, no measurable increase in the concentration of IL-1␤ was observed up to 5 h in the present study (data not shown).
Functional analysis of the Egr1 gene product in response to conidia
In light of the degree of up-regulation of Egr1 by 10 7 conidia in both C57BL/6 and gp91 phoxϪ/Ϫ mice (28.1 and 4.4-fold increase, respectively), and its connection with several other genes as predicted by Ingenuity analysis, responses of Egr1 Ϫ/Ϫ mice (n ϭ 4) and parental strain C57BL/6 mice (n ϭ 4) to conidia were compared. Administration of 10 7 conidia to Egr1 Ϫ/Ϫ mice resulted in 17.5 Ϯ 2.4% AM in the BALF with internalized conidia at 6 h (compared with 22 Ϯ 0.6% in C57BL/6) ( p ϭ 0.16) and 6.5 Ϯ 0.6 conidia/AM following phagocytosis (compared with 6.0 Ϯ 0.13% in wild type) ( p ϭ 0.47). PMN recruitment was also not significantly different between Egr1 Ϫ/Ϫ (1.6 ϫ 10 5 Ϯ 2.7 ϫ 10 4 PMN/ lavage) and C57BL/6 mice (1.2 ϫ 10 5 Ϯ 1.5 ϫ 10 4 PMN/lavage), and comparable levels of TNF-␣ were observed in the BALF of both mouse strains (89 Ϯ 11.4 pg/ml for Egr1 Ϫ/Ϫ mice and 124 Ϯ 15.2 pg/ml for C57BL/6 mice, p ϭ 0.12).
Correlation of phagocyte superoxide production with the inhibition of conidial germination
Our observation that TNF-␣ was increased at both the transcript and protein level indicated it could be up-regulating gp91 phox transcription and priming the respiratory burst in macrophages, as suggested (31, 32) . However, our microarray data did not identify increased transcription in components of NADPH oxidase following in vivo exposure to conidia, suggesting either that the NADPH oxidase components were preformed and activated following contact with conidia, or that they were not used in this response. Because the molecular mechanisms by which phagocytes block germination of A. fumigatus in the lung remain to be fully characterized, and to better describe innate response of AM to conidia, a functional role of superoxide production in this process was examined to complement transcriptional results of this study. To measure extracellular superoxide production by AM from C57BL/6 and gp91
phoxϪ/Ϫ mice following exposure to conidia, a sensitive MCLA-dependent luminometry method (35) was used to detect low-level NADPH oxidase activity. When exposed to 910 nM PMA, AM from C57BL/6 but not gp91
phoxϪ/Ϫ mice showed a small but significant early increase in superoxide release ( p ϭ 0.014 at 3 min), which subsided within ϳ15 min and became indistinguishable from C57BL/6 AM without PMA stimulation (Fig.  6A) . The relatively high concentration of 910 nM PMA was used to elicit maximal response from phagocytes, but did not produce measurable nonspecific effects in gp91 phoxϪ/Ϫ cells that lack the functional NADPH oxidase. Surprisingly, when AM from C57BL/6 mice were exposed to a 5-fold excess of freshly harvested conidia for 90 min at 37°C, the signal from superoxide release was reduced, making it indistinguishable from that of AM isolated from gp91 phoxϪ/Ϫ mice. In these superoxide-production assays, PMA-triggered alveolar PMN from C57BL/6 mice generated substantially higher levels of superoxide compared with C57BL/6-derived AM (Fig. 6B) , while superoxide production was insignificant for PMN from gp91 phoxϪ/Ϫ mice. Because functional and transcriptional analysis of AM responding to A. fumigatus conidia did not indicate obvious NADPH oxidase involvement (in contrast to a report for murine peritoneal macrophages responding to the Streptococcus pyogenes bacterium (38)), we next examined AM from mice exposed to conidia in vivo for evidence of intracellular superoxide production. To assess intracellular superoxide production, phagocytosing AM from C57BL/6 and gp91
phoxϪ/Ϫ mice collected in BALF 12 h after instillation of 10 6 conidia were exposed to NBT and examined by microscopy. Despite the presence of functional NADPH oxidase in phoxϪ/Ϫ AM alone is shown, and is not distinguishable from that of gp91 phoxϪ/Ϫ AM exposed to conidia or 910 nM PMA (data not shown). B, PMN were examined by luminometry for comparison to results obtained with AM under similar conditions. PMA-dependent superoxide release from LPS-recruited murine PMN is shown for C57BL/6 and gp91 phoxϪ/Ϫ mice. Error bars indicate SEM (n ϭ 5) and similar results were obtained in three additional experiments.
TNF-α CXCl2
AM derived from C57BL/6 mice, no obvious difference could be found in formazan deposition within AM obtained from the two mouse strains engulfing resting conidia (Fig. 7A, panels 1 and 2) . In a previous study, oxidant production was observed when A. fumigatus germlings were engaged by bone marrow derived macrophages (39) . We therefore inoculated mice with swollen and germinating conidia and found AM from C57BL/6 and gp91 phoxϪ/Ϫ mice 4 h after in vivo incubation to be indistinguishable with regard to formazan deposition in the vicinity of engulfed developing conidia (Fig. 7A, panels 3 and 4) . For comparison, obvious formazan was found among PMN aggregates formed in vivo in C57BL/6 mice in response to conidia (13) (Fig. 7A, panel  5) . Formazan deposition was also observed in PMN from C57BL/6 mice when exposed to 910 nM PMA, regardless of their involvement in aggregates (Fig. 7A, panel 6) . AM in the vicinity of the PMN shown in panel 6 (arrows) uniformly failed to produce formazan when in the presence of both conidia and PMA, which was consistent with our luminometry data shown in Fig. 6A .
The in vivo studies outlined above comparing C57BL/6 and gp91 phoxϪ/Ϫ mice suggest the phagocyte NADPH oxidase complex does not play a major role in the innate response of AM to A. fumigatus conidia, extending information we reported previously (13) . However, it is possible that AM-independent influences in the mouse lung contribute to suppression of conidial germination inside AM. We therefore used an in vitro assay to determine whether a difference exists in the ability of AM from gp91 phoxϪ/Ϫ and C57BL/6 mice to inhibit germination of phagocytosed conidia (Fig. 7B) . Our results indicate that 8 h following exposure of AM to conidia in a tissue culture system (at which time conidia outside AM show abundant germination) inhibition of germination inside AM appeared equally effective for the two mouse strains, relative to conidia germinating outside the AM ( p Ͻ 0.0002). These results demonstrate that functional NADPH oxidase is not required by AM to prevent conidial germination under these in vitro assay conditions. This information suggests AM neither use nor require superoxide production by the NADPH oxidase to protect from aspergillosis in the mouse lung.
Discussion
The goal of this study was to examine the responses of AM following inoculation of mice with A. fumigatus conidia to better understand the innate resistance to IPA. To this end, we used a combination of in vivo and in vitro analyses to provide information that reflects the complexity of the innate response to A. fumigatus conidia in the context of the lung. In vivo transcriptional changes of AM responding to conidia were first determined by microarray and Ingenuity analysis, with qRT-PCR verification of changes for selected genes. TNF-␣ and CXCL2 were also correlated to protein levels in the BALF. Of the 73 gene probes showing Ն2-fold changes in transcription in AM from C57BL/6 and gp91 (Table II) . In addition, all significantly altered genes in C57BL/6 mice were examined by Ingenuity analysis to help predict key biochemical networks involved in this early response phase. To our knowledge, the present study represents the first global analysis of transcriptional changes for AM in response to A. fumigatus conidia in the lung.
Phagocytic leukocytes contain a multisubunit NADPH oxidase complex that generates superoxide which serves as a precursor for a set of microbicidal reactive oxygen and nitrogen species. Because superoxide has also been shown to regulate signal transduction cascades that alter gene transcription (37, 40) , the responses of AM to conidia in C57BL/6 mice (which are generally resistant to IPA) were compared with those in susceptible gp91 phoxϪ/Ϫ mice (12) by microarray analysis. In these studies, we observed strong differences in basal expression of numerous genes when comparing C57BL/6 and gp91 phoxϪ/Ϫ mice, even before exposure to conidia. These differences could be due in part to compensatory responses in gp91 phoxϪ/Ϫ mice, which lack metabolic regulatory mechanisms contributed by NADPH oxidase activity (41) . In support of this hypothesis, differences in constitutive gene transcription have also been found in PMN from human patients with Xlinked chronic granulomatous disease compared with normal individuals (42) . Recently, the altered inflammatory response of chronic granulomatous disease patients to pathogens including A. phoxϪ/Ϫ (panels 2 and 4) mice were found to contain conidia but no evidence of NADPH oxidase-dependent formazan deposition. After instillation of resting conidia and 12 h in vivo incubation, conidia were found to be ungerminated in both mouse strains (panels 1 and 2) . Panels 3 and 4 show AM collected from mice 4 h after instillation of preswollen and germinating conidia. In contrast, BALF PMN from C57BL/6 mice were found to engage conidia with evidence of formazan deposition (panel 5), as did all BALF PMN (but not AM) from C57BL/6 mice after stimulation with 910 nM PMA (panel 6, arrows show AM and arrowhead identifies AM containing conidia). Scale bars represent 10 m. B, In vitro suppression of conidial germination following phagocytosis in AM from C57BL/6 and gp91
phoxϪ/Ϫ mice. Resting conidia were combined with AM collected from naive mice and incubated in vitro for 8 h at 37°C in 5% CO 2 . Germination percentages both inside and outside the AM were then determined by microscopy following cytospin and Wright staining. Error bars indicate SEM (n Ն 5).
fumigatus has been linked to dysregulation of tryptophan metabolism and alteration of T cell subsets (43) .
Despite marked differences in constitutive expression of many genes in the C57BL/6 and gp91 phoxϪ/Ϫ mouse strains used in the present study, the innate response of the parental C57BL/6 strain to conidia was conserved in a subset of genes in gp91 phoxϪ/Ϫ mice. However, a stronger overall transcriptional response to conidia was observed in AM from C57BL/6 than in gp91 phoxϪ/Ϫ mice. This difference does not appear to be due to greater phagocytosis of conidia by AM from C57BL/6 than gp91 phoxϪ/Ϫ mice, as AM from the two strains were not significantly different with respect to the percentage of AM containing conidia. In fact, the average number of conidia per AM was greater in gp91 phoxϪ/Ϫ than in C57BL/6 mice at both 2 and 4 h ( p ϭ 0.0002 and 0.02, respectively). Approximately 40% of the genes up-regulated in response to conidia in both strains of mice were also increased in C57BL/6 mice after administration of 10 7 polystyrene beads, suggesting some of these changes in gene transcription occur as a general response to inhaled particulates.
Previous experimental evidence has shown that phagocytic cells respond to A. fumigatus conidia by producing proinflammatory chemokines and cytokines involved in PMN recruitment (6, 13, 44 -46) . Our microarray data from C57BL/6 mice extend those studies by indicating the strongest increases in AM transcription are in the chemokine genes Cxcl1 and Cxcl2. In the present microarray study, increases in the transcripts for Tnf, Il1a, and Il1b (genes that have additional roles in PMN recruitment (47, 48) ) were also observed. The above findings for AM exposed to conidia in the mouse lung support the notion that early transcriptional changes observed in mouse AM represent a general proinflammatory response of mononuclear phagocytes that triggers PMN recruitment. Exposure of AM to conidia in the lung also up-regulated genes involved in monocyte recruitment, including Ccl3, which encodes Ccl3 (MIP-1␣), a chemoattractant for circulating monocytes (49, 50) , and the chemokine receptor-like 2 gene (Ccrl2), which encodes a receptor for chemokines such as Ccl2 (51) . In light of these results it is interesting to note that in BALB/c mice, we previously found no evidence of a net increase in AM numbers in the BALF until 24 h after intratracheal administration of 3 ϫ 10 7 conidia, though PMN recruitment was evident within 3 h (13). Ingenuity analysis is a tool for comparing novel molecular data sets to a library of knowledge-based cellular and molecular responses. Through our examination of data from AM of C57BL/6 mice, this method of data mining revealed particular complexity in network neighborhoods for TNF-␣ and IL-1␤ (Fig. 3, networks  A and B) , supporting their importance in the inflammatory response to fungal pathogens including Aspergillus (8, 52, 53) . Our Ingenuity analysis also revealed molecular components underrepresented in microarray data, or possibly those that did not participate as expected. For example, we did not observe increased transcription for p38 MAPK and NF-B in our microarray data, though each was predicted by Ingenuity analysis to participate with several genes that were transcriptionally activated (Fig. 3 , network C). Our Ingenuity analysis results support the importance of NF-B in aspergillosis immunity, as reduced nuclear NF-B translocation in macrophages was previously implicated in increased susceptibility to infection following dexamethazone treatment (54) , and in sepsis (55) . Our data are also consistent with a role for both NF-B and p38 MAPK in dendritic cells following contact with A. fumigatus (56) . Other than for Egr-1, the extent to which other hubs identified by Ingenuity analysis are important to aspergillosis immunity were not examined in the present study.
The increased Tnf and Cxcl2 transcription observed by microarray was confirmed using ELISA by increased secretion of TNF-␣ and CXCL2 protein in the BALF. Increased expression of Tnf was characterized in detail at both the transcript and protein level due to its predicted connection with other molecules in the response of AM exposed to conidia, as well as its role in both regulation of gp91 phox gene expression and priming the respiratory burst in macrophages and PMN (31) . Increases in TNF-␣ protein production in response to A. fumigatus conidia have been reported in mouse and rat AM in vitro (46, 47, 57) , and in mouse lung tissue (58) . Increased levels of TNF-␣ have also been found in the BALF after inhalation of A. fumigatus conidia (13, 44) , but this TNF-␣ is probably not secreted only by AM (which represent the main source of this cytokine in the lungs) but also by epithelial, mesenchymal and dendritic cells (59) . In the present study using C57BL/6 mice, a delay was observed between increased transcription of Tnf and a measurable increase in TNF-␣ protein, consistent with a similar study using C57BL/6 mice (22) . ELISA also revealed 22-and 8-fold increases in CXCL2 protein in the BALF 4 h after exposure to 10 7 conidia, corresponding to 40-and 4-fold transcriptional upregulation of the Cxcl2 gene in C57BL/6 and gp91 phoxϪ/Ϫ mice, respectively.
In contrast to results with TNF-␣ and CXCL2, we were unable to detect significant changes in IL-1␤ concentration in the BALF up to 5 h after administration of conidia to C57BL/6 mice, although IL-1 protein secretion has been reported to increase following prolonged exposure of murine AM to conidia (22, 60, 61) . These observations are in agreement with other reports showing difficulty correlating IL-1␤ mRNA to protein levels (8, 44) . In this study, the lack of a corresponding increase in IL-1␤ protein concentration in the BALF at 5 h despite more marked up-regulation of this gene transcript relative to that observed for TNF-␣ at 4 h could indicate posttranscriptional regulation for expression of this gene. The difference in the results when comparing TNF-␣, IL-1␤, and CXCL2 (measured using comparable methods) emphasizes the fact that increased transcription may not necessarily be directly linked with translation (62) .
Previous studies have shown that some pathogens can overcome natural resistance to infection by suppression of the host immune response. The present study showed that exposure of both C57BL/6 and gp91 phoxϪ/Ϫ mice to conidia caused up-regulation of two immune suppressive AM genes, Rgs1 and Socs3. The regulator of G-protein signaling 1 (Rgs1) protein product has previously been shown to play a role in deactivation of signaling through chemoattractant receptors (63) , while the suppressor of cytokine signaling (Socs3) protein product has been shown to mediate negative feedback effects on IL-6 responses (64). It is important to emphasize that the C57BL/6 mice used in our studies were not specifically immune suppressed and have been shown to be generally resistant to aspergillosis. Therefore in animals with normal immune status, anti-inflammatory effects induced by A. fumigatus conidia resulting from increased expression of Socs3 or Rgs1 would be unlikely to lead to infection unless additional levels of immune dysfunction (such as neutropenia) also existed. For this reason, responses in AM leading to anti-inflammatory effects may be more likely to identify mechanisms by which the inflammatory response in the lung is attenuated to reduce tissue damage, rather than those triggered by the fungus to overcome the immune response. It remains to be determined whether any host-induced antiinflammatory responses triggered by conidia in AM are exploited by the organism to cause disease.
Several lectin-like receptors on leukocytes have previously been reported to participate in binding of A. fumigatus conidia or hyphae (22, 39, 65) . Our in vivo data from C57BL/6 mice indicated a 6.2-fold up-regulation of the transcript for Clecsf9 4 h after 10 7 conidia. Clecsf9 (Clec4e; macrophage-inducible C-type lectin (Mincle)) encodes a group-II Ca 2ϩ -dependent transmembrane lectin with a role in inflammation and immunity (66), but has not been previously implicated in responses to conidia. In addition to being up-regulated in AM by conidia, Clecsf9 was also up-regulated by polystyrene beads, though to a lesser extent than by conidia.
Additional novel findings in the present study were up-regulation of Ereg and Egr1 in both strains of mice following exposure to conidia, and in C57BL/6 mice exposed to polystyrene beads. Ereg encodes epiregulin, a transmembrane protein that is cleaved by the metalloproteinase ADAM17, to form a soluble 5.5-kDa epidermal growth factor receptor agonist that can exert a proliferative or dedifferentiating autocrine effect in AM (67, 68) . Previous studies have shown that Egr1, which encodes early growth response 1, is up-regulated in human monocytes exposed to conidia in vitro (6), but not as strongly as we observed in murine AM isolated from the lung. Early growth response-1 is a zinc-finger transcription factor that binds enhancer elements of Tnf, Cxcl2, Ccl3, Gadd45, IL-1␤, M-CSF, VEGF, NF-B, jun-D, c-myc, gene 475, c-myb, and Egr1 (69 -72) , raising the possibility that some of the genes upregulated in AM by conidia may be responding to Egr1. Despite the marked up-regulation of Egr1 by conidia observed in this study and suggested involvement of this gene by Ingenuity analysis, our functional characterization of Egr1 Ϫ/Ϫ mice (6 h after administration of 10 7 conidia) indicated the lack of this gene product did not significantly: 1) affect phagocytosis of conidia by AM; 2) influence the levels of TNF-␣ secretion into the BALF; or 3) delay PMN recruitment into the lung. These results support the notion that multiple levels of immune suppression are needed to predispose to infections by A. fumigatus (73) . Further studies are required to identify the potential role of Egr1 in the immune response to A. fumigatus.
Relevant to our analysis of superoxide production by AM in the present study, it is of interest to emphasize that while there was a general lack of transcriptional change in genes involved in the generation and removal of oxidants (such as SOD, catalase, and NADPH oxidase subunits), we measured the up-regulation of Hmox1 (encoding HO-1) in C57BL/6 mice in response to A. fumigatus conidia. HO-1 uses NADPH to convert heme to carbon monoxide and biliverdin, with both products showing antiinflammatory effects in cells (74, 75) . Because both heme and NADPH are also required for function of gp91 phox , it is possible that HO-1 activity in AM competes with, and therefore suppresses NADPH oxidase activity. A previous study in RAW 264.7 mouse macrophages showed HO-1 indeed suppresses the activity of NADPH oxidase through heme degradation and proteasome-dependent degradation of gp91 phox (76) . In support of this view, we did not observe an increase of Hmox1 in AM from gp91 phoxϪ/Ϫ mice responding to conidia by either microarray or qRT-PCR analysis. In fact, the strongest down-regulation of any immune function gene shown in Table II was for Hmox1, where it occurred in gp91 phoxϪ/Ϫ mice 4 h following exposure to 10 6 conidia. These results raise the possibility that Hmox1 up-regulation is influenced by, and may in fact act to suppress a functional NADPH oxidase in AM. Further concerning the NADPH oxidase complex, the lack of up-regulation observed for Cybb (encoding the gp91 phox subunit of flavocytochrome b 558 ) following exposure to conidia is consistent with a report in human monocytes exposed to conidia (6) , although an increase in expression of this same gene was previously observed in macrophages or macrophage cell lines in response to LPS (18) , Mycobacterium tuberculosis (77) , Chlamydia pneumoniae (78) , and TNF-␣ (31). Our DNA microarray results differed in two respects when compared with an in vivo study on peritoneal macrophages in response to S. pyogenes. Specifically, the peritoneal macrophages did not show increased transcription of Hmox1 after contact with the bacterium, but showed both transcriptional up-regulation and functional evidence of p47 phox of the NADPH oxidase (38) .
Despite the requirement of a functional NADPH oxidase complex in humans for resistance to A. fumigatus, conflicting reports exist concerning both the level of superoxide generated by AM and the role of superoxide in fungal killing by AM (12, 14 -17) . It is possible that differences in phagocyte types, animal strains, and cell sources have contributed to contrasting interpretations in these studies. In the present study using a sensitive luminometry assay system, we identified low but significant NADPH oxidase activity in adherent AM from C57BL/6 mice. We also observed this adherence-dependent superoxide production in AM incubated in 96-well tissue culture plates using NBT to detect oxidant release (data not shown). The luminometry signal showing superoxide produced by adherent AM was increased only slightly by exposure to 910 nM PMA (a concentration that did not elicit an increased signal in AM from gp91 phoxϪ/Ϫ mice), which was strongly in contrast to the behavior of PMN where robust superoxide generation was observed in the presence of PMA. An almost 2-log difference between superoxide production by PMA-simulated AM relative to that in PMN suggests that even small numbers of PMN that contaminate AM samples could lead to a significant overestimation of superoxide generation in AM. Thus, care was taken in the present study to isolate AM samples before recruitment of PMN into the lung, and to remove nonadherent PMN from AM samples during a medium replacement before luminometry analysis. Using the luminometry assay system outlined above, we found no increase in superoxide generation in AM incubated 90 -180 min with A. fumigatus conidia in vitro. In fact, the presence of a five-fold excess of conidia abolished all SOD-inhibitable NADPH oxidase activity in adherent AM. It is not known if this result is related to the reduced oxidant production from PMN following exposure to A. fumigatus hyphal culture filtrates (79) . Additional studies are therefore required to better understand the mechanism by which conidia influence the luminometry signal resulting from superoxide produced by these phagocytes.
Importantly, we observed a lack of formazan deposition within AM following phagocytosis of conidia in vivo, which supports our hypothesis that AM do not use NADPH oxidase activity to neutralize A. fumigatus conidia. The lack of obvious superoxide production in AM containing conidia was in contrast to results obtained with PMN aggregates, where abundant formazan deposition is readily apparent in the vicinity of engaged conidia, and is of interest in light of increased production of TNF-␣ (a known priming agent for superoxide production) by AM. It is possible that mechanisms in AM have evolved to suppress NADPH oxidase activity in vivo, thus reducing tissue damage triggered by inhalation of airborne particulates. Because AM appear able to neutralize A. fumigatus conidia by NADPH oxidase-independent mechanisms, it is unclear why AM do not appear capable of neutralizing the conidial exposure that predisposes IPA in neutropenic or chronic granulomatous disease patients. Thus, additional studies are required to better determine which microbicidal mechanisms are overcome in AM, PMN, or possibly nonphagocytic cells (80) , that enable conidia to germinate and lead to infections in immune suppressed individuals.
In summary, our results indicate that in murine AM exposed to A. fumigatus conidia in vivo, the most marked early transcriptional changes occur in genes involved in PMN recruitment. This cooperation between AM and PMN in aspergillosis immunity appears to be vital because both PMN and NADPH oxidase activity are essential for preventing IPA (13, 81) . As an apparent balance to this inflammatory response in AM, Socs3 and Rgs1 are also upregulated, presumably moderating the inflammatory response to reduce damage to the lung. Of note, was also an observed paucity of conidia-induced transcription of AM genes encoding proteins associated with phagocytosis, pattern recognition receptors, oxidant scavengers and specific microbicidal systems, which have sometimes been described in leukocytes following in vitro exposure to conidia. We observed conserved transcriptional responses related to innate immunity in AM of gp91 phoxϪ/Ϫ mice in response to conidia, despite marked differences in constitutive transcription compared with control C57BL/6 mice. In addition, lack of functional NADPH oxidase in gp91 phoxϪ/Ϫ mice exposed to conidia did not significantly affect the phagocytic ability of AM or their ability to inhibit germination of internalized conidia. The findings in this study support the concept that a lack of superoxide production by the NADPH oxidase in PMN, rather than AM, is the key defect that contributes susceptibility to IPA in chronic granulomatous disease patients (10) .
